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In this paper, news donoreAcceptor (DeA) structures involving carbazole as electron donor units and
furan, aniline and hydroquinone as electron acceptors has been theoretically studied using the density
functional theory (DFT) with the hybrid B3LYP exchange correlation function and the 6-31G (d) basis set.
Thus, structural parameters, electronic properties, HOMOeLUMO gaps, Molecular orbital densities,
Ionization Potential (IPs), Electronic Afﬁnities (EAs) are theoretically predicted. However, the charge
transfer process between the carbazole/bicarbazole electron donor unit and the electron acceptor one is
supported by analyzing the optical absorption spectra of the obtained compounds and the localization of
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Nowadays, conjugated polymers present new area of research,
in both experimental and theoretical chemistry and physics, due to
their interesting optoelectronics properties [1], as well as to their
easy and low-cost processing. Consequently, organic materials are
attractive candidates to be used as active layers in optoelectronic
devices, such as Polymer Light Emitting Diodes (PLEDs) and organic
solar cells [2e4]. Recently new architectures bearing both electron-
donating (D) and electron accepting (A) moieties were developed,
which ensure charge carrier injection and facilitate acceptance of
both holes and electrons. In fact, the incorporation of electron
donating and electron accepting groups in p-conjugated organic
molecules generally leads to a great enhancement of its photo-
physical properties. As a good example for such systems,
carbazole-based polymers have been extensively used in opto-
electronic organic devices owing to their unique merits, such as
excellent hole transporting ability [5]. These unique advantages of
carbazole-based polymers result from the nitrogen atom on
carbazole unit, which carries lone pair electrons and provides
electron donating ability for the carbazole moiety. Recently in our
group, we have shown the formation of bicarbazole units under
chemical reaction of Poly (N-vinylcarbazole) (PVK) by ferric.
r B.V. This is an open access articlechloride (FeCl3) under chemical synthesis of new conjugated
polymers [6,7]. Other experimental works show that carbazole
monomers can chemically react both in 3,6 or 2,7 position [8,9].
With respect to these ﬁndings, we established a theoretical study of
news D-A architecture based on carbazole/bicarbazole as a donor
compound and Furane, aniline hydroquinole as acceptor units in
order to investigate the photo-physical properties of these new
carbazole-derived compounds for highly efﬁcient bulk hetero-
junctions (BHJs). The ﬁrst section of our work concerned dimeric
carbazole-based oligomers (Cz)2-(Fu)4 (bicarbazole-Polyfurane),
(Cz)2-(Hq)4 (bicarbazole-polyhydroquinole) and (Cz)2-(Pani)4
(bicarbazole-polyaniline) (Fig. 2) while the second one is devoted to
3.6 and 2.7-carbazole derived oligomers ((Cz-Fu)4 (carbazole-pol-
yfurane), (Cz-Hq)4 (carbazole-polyhydroquinole) and (Cz-Pani)4)
(carbazole-polyaniline) (Fig. 5).
2. Computational details
The molecular quantum chemical calculations were performed
essentially using Density Functional Theory (DFT) and Time-
Dependent Density Functional Theory (TD-DFT) implemented in
the Gaussian 09 program package [10]. All calculations on the
studied oligomers of this work were done on cluster machines in
the CCIPL (Intensive Computing center at the University of Nantes
(Pays de la loire)). The geometrical structures of all studied oligo-
mers were ﬁrstly optimized in their neutral ground state by DFT
methodologies using the 6-31G (d) basis set. On this basis, diffuseunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Torsional energy curves of carbazole based oligomers obtained at B3LYP/6-
31Gd(p) level of theory.
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bon, nitrogen, sulfur and oxygen. This method introduces electron
correlation effects at a lower cost in computation time.
On the fully optimized structures of the studied oligomers in
their ground state, the excited-state energies were then investi-
gated using Time- Dependent Density Functional Theory method
(TD-DFT) with the B3LYP [11,12] functional. In general, TD-DFT has
the tendency to underestimate the excitation energies. Thus, ab-
sorption spectra, electronic transitions and oscillator strengthsFig. 2. Optimized Molecular structures of dimeric carbazole-based olhave been investigated. The obtained results help to consider the
geometric and electronic parameters (HOMO levels (Highest
Occupied Molecular Orbital), LUMO (Lowest Unoccupied Molecular
Orbital), the energy gap (Eg) and the maximum of absorption
(lmax)).3. Results and discussion
3.1. Conformational study of carbazole-based oligomers
In order to deal with the stability of our carbazole-based mol-
ecules, we have carried out a partial optimization scan for each
compound. We establish ﬁrstly a simulation in order to obtain the
most stable conformation of the different compounds by varying
the dihedral angle between 0 and 180 with a step of 20. The
torsional energy curves of each compound were investigated.
Relative energies as a function of torsional angles for each carbzole-
based molecule are shown in Fig. 1. The curves indicate that (Cz)2 is
more stable for q¼ 140, (Cz)2-(Hq), (Cz)2-(pani) and (Cz)2-(pfu) are
more stable for q ¼ 40, q ¼ 40 and q ¼ 180 respectively. These
result indicate that (Cz)2, (Cz)2-(Hq) and (Cz)2-(pani) are nonplanar
in their electronic ground states, whereas (Cz)2-(pfu) is completely
planar. This could be related to the strong pushepull effect between
the carbazole ring and the ﬁve-membered aromatic rings, which
leads to a greater steric hindrance than the six-membered ring
[13,14].
The geometrical parameters (inter-ring bond lengths (di) and
dihedral angles (qi)) of the most stable conformations were fully
optimized in the ground states and summarized in Table 1. The
twisting of the chain backbone was investigated by the dihedral
angle's variety indicated in Table 1. All labeled atoms are repre-
sented in Fig. 2. The calculations evaluated the inter-ring torsionigomers: (a): (Cz)2-(Hq)4, (b): (Cz)2-(Fu)4 and (C): (Cz)2-(Pani)4).
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Fig. 3. Simulated UVeVis spectra of (a): bicarbazole, (b): bicarbhydr, (c): bicarbpani
and (d) bicarbfurane.
Fig. 4. Electronic structure of: (a) (Cz)2-(Fu)4, (b) (Cz)2-(Pani)4), (c) (Cz)2-(Hq)4.
T. Mestiri et al. / Computational Condensed Matter 4 (2015) 23e31 25angles to be about139,88,139,24 and179,85 for (Cz)2-(Hq),
(Cz)2-(pani) and (Cz)2-(pfu) respectively. Compared to the torsional
angle obtained in the case of (Cz)2 (q ¼ 38,7147), the effect of
furane units insertion is more elucidated, since the (Cz)2-(pfu)
seems to be more planar. On the other hand, in the case of (Cz)2, the
inter-ring distance was found to be about 1.48 Å. After adding
acceptor units, this parameter was shortened to reach 1.34 Å in the
case of (Cz)2-(pfu) which could explain the shortness of the inter-
ring distance.3.2. Optical properties
Optical absorption spectra of the designed oligomers were
simulated using Time-Depend density functional theory (TD-DFT)
tools and depict in Fig. 3. The absorption spectra of different
compounds exhibit absorption in the UVevisible region. The effect
on the optical absorption spectrum of bicarbazole when adding
aniline, furane or hydroquinone units into the backbone is illus-
trated. In fact, bicarbazole oligomers absorbs in the UV part with
maximum absorption located at 213, 235 and 268 nm Fig. 3a. Afteradding aromatic units to the bicarbazole, the band at 235 nm dis-
appeared and the bands at 213 and 268 nm were red-shifted with
an offset of 20 nm Fig. 3 (b, c, d). This discrepancy is due to an
extension of the conjugation length [15]. However, the optical
spectrum of (Cz)2-(pfu) appears more red-shifted compared to that
of the two other compounds Fig. 3d. Above phenomena indicate
that the introduction of furan units into the oligomer backbone
could increase greatly the molecular planarity and intramolecular
pushepull interaction of the copolymer. Added to that, we detect
the appearance of large bands at 350, 370 and 450 nm for the (Hq),
(pani) and (Cz)2-(pfu) systems. These changes are due to the
intramolecular charge transfer from the HOMO located at the
electron-donating carbazole moiety to the LUMO located at the
electron-accepting aromatics moiety.
3.3. Electronic properties
Based on the optimized structures on the ground state, the
HOMO and LUMO energy levels were calculated and shown in
Fig. 4. The electronic energy gap is estimated to be 3.14 eV, 3.58 eV
and 3.8 eV for (Cz)2-(pFu), (Cz)2-(Pani) and (Cz)2-(Hq) respectively.
The energy of the lowest gap, which results from a more extended
conjugation, is attributed to the (Cz)2-(pfu) molecule. In fact, an
electronic structure differs from one compound to another
reﬂecting the effect of electron acceptor units in the architecture of
the copolymer as well as the electron transport along the polymer
chain [16e18].
In order to exploit the properties of electronic excited states,
electronic transitions S0/ S1, the corresponding wavelengths, the
excitation energies, the oscillation strengths (f) and their assign-
ments are calculated for each molecule (Table 2).
In the case of (Cz)2, S0/ S1 electronic transition is dominated
by the HOMO-1/ LUMO. In the case of (Cz)2-(Pani), the transition
is dominated HOMO/ LUMO þ2. For (Cz)2-(Hq), the dominated
transition is HOMO/ LUMO, and in the most ideal case, the purely
electronic transition HOMO/LUMO is observed in the case of
(Cz)2-(pfu). These results justify the process of charge transfer
interaction (ICT) which differs from one compound to another and
is rationalized in the case of (Cz)2-(pfu). On the other hand, due to
their high oscillator strength (f), the electronic transitions of p-p*
type are strongly allowed. Indeed, after coupling the different units
with the bicarbazole, this factor (f) increases from the value of 0.077
to reach the value of 1.502 and 1.6230 in the case of (Cz)2-(pfu) and
(Cz)2-(pani) respectively. However, we note that only in the case of
(Cz)2-(pfu) the highest oscillator strength is associated to the purely
electronic transition.
In order to further understand the power of electron transport
in the different compounds, we have examined the distribution
patterns of frontiers molecular orbitals of all compounds in their
ground state.
Table 3 shows a strong localization of the electron density on the
carbazole units while it is strongly delocalized over the conjugated
p-framework. This relocation is more pronounced on the terminal
units. The antibonding orbitals have a gay character that is due to a
twisted structure in the ground state. However, the shape of the
LUMO orbital is different; the contribution is located on the units of
electron donor-type character with a symmetrical behavior
because of weak interactions between the two units [13]. Besides,
the contributions of core atoms in HOMOs are in the order (Cz)2-
(Hq)4 (Cz)2-(pfu) 4 (Cz)2-(pani). However, in the LUMO levels, they
are in the sequence of (Cz)2-(pani) (Cz)2-(Hq) 4 (Cz)2-(pfu). This
reveals that the electron transfer property from carbazole units to
acceptor cores increase in the order (Cz)2-(pani) (Cz)2-(Hq) (Cz)2-
(pfu) due to the electron-withdrawing abilities going from an
oligomer to another one [18].
Fig. 5. Inter-ring distance and dihedral angle of 3,6 and 2,7 carbazole-derived optimized geometries.
Table 1
Inter-ring distance and dihedral angle of (Cz2) and (Cz2)-based optimized geometries.
Compound Ground state Excited state
Inter-ring distance (Å) Dihedral angle () Inter-ring distance (Å) Dihedral angle ()
(Cz)2 D (C12eC16) ¼ 1.49 q (10-12-16-18) ¼ 38,71 D (C12eC16) ¼ 1.47 q (10-12-16-18) ¼ 24,56
(Cz)2-pfuran D (C26eC31) ¼ 1,35 q (25-26-31-32) ¼ 99,68 D (C26eC31) ¼ 1.45 q (25-26-31-32) ¼ 179.98
(Cz)2-p-p-hydro D (C26eC31) ¼ 1,37 q (32-31-26-25) ¼ 139,89 D (C26eC31) ¼ 1.44 q (32-31-26-25) ¼ 166.17
(Cz)2-Pani D (C26eC31) ¼ 1,36 q (27-26-31-35) ¼ 139,24 D (C26eC31) ¼ 1.42 q (27-26-31-35) ¼ 179.68
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derived analogues
As we noted at the beginning of this paper, we tried to explorestructures containing carbazole as common donor unit, and
another three different acceptor units (furan, aniline and hydro-
quinone). Experimental and Theoretical tools suggest that the 3, 6
or 2, 7-carbazole coupling are possible [19,20]. Both 2,7-carbazole
Table 2
Low singlet electronic transition states, the corresponding wavelengths, oscillator strengths and their assignments of (Cz2) and (Cz2)-based oligomers.
Compound Transition Wavelength (nm) Oscillator strength (f) Assignments
(Cz)2 S0/ S1 286,10 0,07 H-1/ L þ 0 (60%) þ H-0/ L þ 2 (19%)
(Cz)2-pfuran S0/ S1 436,60 1,50 H-0/ L þ 0 (98%)
(Cz)2-p-p-hydro S0/ S1 359.40 0.66 H-0/ L þ 0 (84%) þ H-1/ L þ 0 (10%)
(Cz)2-Pani S0/ S1 357.20 1.62 H-0/ L þ 2 (þ78%) þ H-0/ L þ 3 (þ10%)
Table 3
Electron density isocontours of HOMO and LUMO of (Cz2)-based oligomers.
T. Mestiri et al. / Computational Condensed Matter 4 (2015) 23e31 27
T. Mestiri et al. / Computational Condensed Matter 4 (2015) 23e3128and 3,6-carbazole are used as the building blocks to tune conju-
gation length and charge transfer properties of the resulting olig-
omers (Fig. 5). The relationships between chemical structures and
optoelectronic properties of the oligomers were systematically
investigated.4.1. Optimized ground-state geometries
The twist of the oligomer chains was examined by calculating
the dihedral angles and the inter-ring distances that have under-
gone a slight change going from 3,6 to 2,7 carbazole coupling at the
acceptor units(Fig. 5). In fact, the dihedral angles between the two
adjacent subunits of 3.6-carbazole-derived oligomers are very close
to those of their 2.7-carbazole-derived analogues. But, looking at
the inter-ring distances values, we note that this parameter has
been clearly reduced in the 2,7-carbazole coupling case, reﬂecting
that the 2,7-carbazole-derived oligomers have a more conjugated
molecular structures showing a better stability. On the other hand,
(Cz-fu)4 has a strong coplanar tendency compared to (Cz-Pani)4 and
(Cz- Hq)4 in both carbazole coupling cases. Besides, the extended p-
bond conjugation improves in this compound going from the 3,6-
carbazole coupling to the 2,7- carbazole one.4.2. Optical absorption spectra
The simulated optical absorption spectra of both 3,6-carbazole-
derived oligomers and their 2,7-carbazole-derived analogues were
predicted using Time-Depend density functional theory (TD-DFT)
tools and depicted in Fig. 6. Going from the 3,6 coupling to the 2,7
one a red-shift in the maximum absorption is observed (Fig. 6). This
traduces the shorter conjugation length along the main chains of
3,6-carbazole-derived oligomers compared to that of 2,7-
carbazole-derived oligomers which is due to conjugation breaks
induced by 3,6-carbazole units. It was indicative that 2,7-carbazole
unit induced more effective charge transfer interaction (ICT) from
electron-donating conjugated main chains to electron-
withdrawing side ones, since they exhibited much enhanced and
red-shifted in the optical absorption spectrum compared to their
3,6-carbazole-based analogues. Based on the 2,7-carbazole-based
oligomers, the absorption edges were located at 470 nm and
380 nm for (Cz-Fu)4 and (Cz-Pani)4 and (Cz -Hq)4 respectively, from
which the optical band gap Eg was estimated to be 2.63 eV for (Cz-
Fu)4 and 3.26 eV for (Cz-Pani)4 and (Cz -Hq)4. These results200 250 300 350 400 450 500 550 600 650 700
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Fig. 6. Simulated UVeVis spectra of 3,6 and 2,7 carbazole-derived oligomers.suggested that the optical properties of the resulting oligomers
could be readily tuned by changing the pendant acceptors on the
electron-donating chains. This also indicates that (Cz-fu)4 could
harvest more light at the longer-wavelength side, which is bene-
ﬁcial to further increase the photo-to-electric conversion efﬁciency
of corresponding solar cell.
4.3. Electronic properties
The studied compounds show a series of absorption bands
ranging from 200 to 500 nm. The strongest absorption at 395 nm
and 334 nm in the case of 3,6 (Cz-fu) and 3,6 (Cz-pani) respectively,
is belonging to the HOMO/ LUMO electronic transition (87% and
49%). However, in the case of 3,6(Cz-Hq), the absorption maximum
located at 328 nm is assigned to the HOMO-2 / LUMOþ1 elec-
tronic transition. Electronic transitions S0/ S1 in both couplings
are listed in Table 4. It is noted that by changing the coupling from
positions 3 and 6 to positions 2 and 7 for all compounds, all these
transitions become dominated by the HOMO/ LUMO transition
that is purely electronic transition. This fact could be related to the
enhancement of ICT process with changing the carbazole coupling
sites. Then, the 3,6-carbazole derived oligomers show lower hole
mobility due to the conjugation breaks induced by the 3,6-
carbazole segments. On the other hand, the p-p* electronic tran-
sitions are permitted and improved as is suggested by their oscil-
lator strength values [21]. The highest value is noted for (Cz-Fu)4
which is in good agreement with the optical data.
The energy levels of the molecular orbitals from HOMO-6 to
LUMOþ of the three compounds in 3,6 and 2,7-carbazole coupling
cases are shown in Table 5. The evaluation of electronic structures
shows a clear decrease in the energy gap going from the 3,6 to the
2,7-carbazole-based compounds. The difference reached 0.51 eV in
the case of (Cz-furan)4. The HOMOs values show a slight change
going from a compound to another in both coupling cases. All
compounds have the same electron-donating group (carbazole).
However, the difference of the LUMOs is due to the changement of
acceptor-groups which are responsible of the electron-localization
ability.
4.4. Molecular orbitals
We have also examined the distribution patterns of MOs and
their character going from 3,6 to 2,7-carbazole derived oligomers
(Table 6). In fact, in both couplings, the HOMO level has a strong
delocalization throughout the oligomer backbone for all com-
pounds. However, the LUMO level presents in the ﬁrst coupling
(3,6-carbazole derived compounds) relocation at the side groups of
all compounds. While in the second coupling (2,7-carbazole
derived compounds), this relocation is extended throughout the
hole oligomer chain. This reveals the enhancement of the charge
transfer process from electron-donating part to electron-accepting
part. Thus, the 2,7 coupling leads to more efﬁcient electron injec-
tion from HOMO to LUMO levels, allowing an efﬁcient photo
induced electron transfer from the compound to the electrode [22].
4.5. Ionisation potentials (IPs) and electron afﬁnities (EAs)
One general challenge for the application of polymers in opto-
electronic devices is achievement of high electron afﬁnity (n-type)
conjugated polymers for improving electron injection/transport
and low ionization potential (p-type) conjugated polymers for
better hole injection/transport. The ionization potential (IP) and
electron afﬁnity (EA) are well-deﬁned properties that can be
calculated by DFT to estimate the energy barrier for the injection of
both holes and electrons into the polymer. Table 7 presents the
Table 4
Low singlet electronic transition states, the corresponding wavelengths, oscillator strengths and their assignments of 3,6 and 2,7 carbazole-based oligomers.
Compound Transition Wavelength (nm) Oscillator strength (f) Assignments
3.6-carbazole based oligomers
(Cz-fur)4 S0/ S1 407.00 2.85 H-0/ L þ 0 (87%) þ H-1/ L þ 1 (9%)
(Cz-hydro)4 S0/ S1 355.60 0.06 H-2/ L þ 1 (41%) þ H-0/ L þ 1 (33%) þ H-1/ L þ 1 (20%)
(Cz-pani)4 S0/ S1 344.70 0.27 H-0/ L þ 0 (49%) þ H-1/ L þ 0 (21%) þ H-2/ L þ 0 (15%) þ H-0/ L þ 4 (8%)
2.7-carbazole based oligomers
(Cz-fur)4 S0/ S1 477.20 3.82 H-0/ L þ 0 (þ93%) H-1/ L þ 1 (6%)
(Cz-hydro)4 S0/ S1 387.80 2.77 H-0/ L þ 0 (47%) H-1/ L þ 0 (26%)
(Cz-pani)4 S0/ S1 377.00 2.10 H-0/ L þ 0 (47%) H-1/ L þ 0 (40%)
Table 5
Energetic diagrams of 3,6 and 2,7 carbazole-based oligomers.
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Table 6
Electron density isocontours of HOMO and LUMO of 3,6 and 2,7 carbazole-based oligomers.
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Table 7
Potential ionization (IP) and Electron afﬁnity of 3,6; 2,7 and (Cz2)-based oligomers.
3,6-carbazole based oligomers 2,7-carbazole based oligomers Bicarbazole-based oligomers
Cz-Hq Cz-Fu Cz-Ani Cz-Hq Cz-Fu Cz-Ani (Cz)2-Hq (Cz)2-Fu (Cz)2-Ani
IP 4,79 4,41 4,41 4,93 4,57 4,52 4,93 4,18 4,44
EA 0,95 0,92 0,69 1,36 1,59 1,03 1,12 0,59 1,3
T. Mestiri et al. / Computational Condensed Matter 4 (2015) 23e31 31ionization potentials (IPs), electron afﬁnities (EAs). For the 2,7
coupling oligomers, the energies required to create a hole in the
polymers are all higher than these of the 3,6 coupling, which is
consistent with the analysis for HOMO energies. Thus, the hole
injection and transportation of 2,7-carbazole-based polymers are
expected to show that the charge carrier balance is better in the
devices constructed from the copolymers. The extraction of an
electron from the anion requires 1.36, 1,59 and 1,03 eV for (Cz-Hq)4,
(Cz-Fu)4 and (Cz-pani)4, which is larger than those in the 3,6-
carbazole-based oligomers. This indicates that the combination
with charge carriers moiety or extending the conjugated backbone
will improve the electron-accepting/transporting properties.
It is clear from these results that the optoelectronic properties of
a conjugated polymer are primarily governed by the chemical
structure of the polymer backbone. This should be useful to
enhance the injection of holes and electron-transport from anode
and cathode in light-emitting diodes.
5. Conclusion
Different new designed organic polymers have been modeled.
The optimized geometries, electronic structures and related pho-
tophysical properties at the ground state of three carbazole-based
oligomers have been investigated by using DFT/B3LYP method
with the 6-31G (d) basis set. The (Cz)2-(pFu) is estimated to have
the most coplanar conformation characterized by a more extended
conjugated length. Increasing the conjugation length can extend
the absorption cross section and conduct the bathochromic shift in
the compounds’ spectral response.
On the other hand, carbazole with two different linkage sites,
the 3,6 and 2,7 positions was used as building blocks. First, the 2,7
stabilizes the structures with an effective conjugation length. Then,
compared to 2,7-carbazole-derived analogues, the 3,6-carbazole-
derived oligomers exhibited slightly blue-shifted absorption at the
short wavelength region and less enhanced and clearly blue-shifted
ICT absorption. More interestingly, the 3,6-carbazole-derivedoligomers showed lower hole mobility and slight higher HOMO
energy levels relative to their 2,7-carbazole-derived analogues.
Thus, 2,7-carbazole derived oligomers exhibit more efﬁcient light-
harvesting ability and deep-lying HOMO energy levels.References
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